Preparation of coatings simultaneously exhibiting high hardness and enhanced fracture resistance is a hot topic, as nowadays used ceramic protective coatings show difficulties to cope with increased demands due to their inherent brittleness. Material exhibiting seemingly contradictory combination of mechanical properties -high hardness and moderate ductility enhancing the fracture resistance -was recently predicted by ab initio calculations in the crystalline X2BC system. The presented study is focussed on the study of the influence of the C/W ratio on the microstructure, the content of different chemical bonds and the mechanical properties of W-B-C coatings prepared by magnetron sputtering at moderate temperature. It was shown that change of the deposition conditions to achieve different C/W ratios influences the energy flux and momentum transfer to the coating. The coating with the lowest C/W ratio experienced the highest energy flux and momentum transfer, which resulted in a dense coating microstructure. The microstructure progressively coarsened as the C/W ratio increased, i.e. as 
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Introduction
Hard protective coatings are widely used to enhance the mechanical performance of engineering components such as cutting tools. In this regard, transition metal boride and carbide ceramic coatings have attracted a great interest because of their high hardness, Young's modulus and wear resistance [1, 2] . However, their brittle nature reduces the coated tool's performance and lifetime [2] .
The ductility and hence the fracture resistance of coatings can be improved by preparing a nanocomposite coating system [3] . Nanocomposite coatings typically consist of a combination of two or more nanocrystalline/amorphous phases; hence, they include a large number of phase boundaries [4, 5] . These phase boundaries can provide high ductility through crack deflection and dissipation of strain energy [6] .
Recently, there has been a rapid progress in the design of X-B-C (where X is a transition metal) based nanocomposite systems with outstanding mechanical properties [3] [4] [5] [7] [8] [9] [10] . Ti-B-C is the most widely studied representative of the X-B-C coatings and it exhibits better mechanical properties compared to its binary components [4, [7] [8] [9] . Abad et al. reported that different contribution of TiC, TiB2, TiBxCy and amorphous carbon phases and subsequently different mechanical properties can be achieved depending on the C content in the nanocomposite Ti-B-C coating [8] . Malinovskis et al. have recently studied the effect of C content on the structural and mechanical properties of magnetron sputtered Mo-B-C coatings and found out that increase in the C content leads to an increase in the amount of amorphous BCx tissue phase and to a subsequent drop in the hardness and elastic modulus [10] . Also, possible formation of Mo2BC phase in this system would be beneficial for enhanced ductility of the coating [5, 11, 12] . Emmerlich et al. have reported that crystalline Mo2BC coating should exhibit an unusual combination of high stiffness and moderate ductility due to the unique nanolaminated structure, where the layers of face-sharing Mo6B trigonal prisms are separated by Mo6C octahedra [12] .
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indicate intrinsic ductility of the Mo2BC phase [13] .
It is theoretically expected that other Mo2BC-type phases in the X-B-C system can be synthesized by replacing Mo by other transition metals, namely Ti, V, Zr, Nb, Mo, Hf, Ta, W [13] . The ab initio calculations revealed that W2BC should exhibit the highest B/G ratio and the highest Cauchy pressure of the predicted X2BC materials; thus, exhibiting the highest intrinsic ductility [12, 13] . However, higher enthalpy of formation of W2BC compared to Mo2BC indicates a low stability of the W2BC phase [13] . The formation of crystalline W2BC phase has not been reported so far and there are only scarce reports of the investigation of the W-B-C coating system. Liu et al. have deposited W-B-C by reactive magnetron sputtering and reported that the coating exhibited high thermal stability [14] . In addition, they found out that the structure, mechanical behavior and tribological properties of the deposited W-B-C coating are strongly dependent on the partial pressure of acetylene in the deposition chamber. However, the synthesis of W-B-C coating by co-sputtering deposition would avoid incorporation of hydrogen and its subsequent deleterious effects on the mechanical properties such as hydrogen embrittlement [15] .
In the presented study, W-B-C coatings were deposited by co-sputtering of W, C and B4C targets at moderate temperature. The coatings were systematically synthesized to contain a constant amount of boron. The effect of C/W ratio on the bonding structure, microstructure, hardness, stiffness, scratch behavior and fracture resistance of the coatings was studied.
A C C E P T E D M A N U S C R I P T 5 and TEM imaging, XPS and Raman spectroscopy) and glassy carbon substrates (used for chemical Rutherford back-scattering spectroscopy) by magnetron sputtering using a Vinci
Technologies PVD 50S sputtering device. The substrates were first cleaned with acetone and isopropyl-alcohol in an ultrasonic bath. They were then loaded into the chamber and placed onto the substrate holder via a load-lock. Three-inch tungsten (purity 99.95 %, Kurt J. Lesker), graphitic carbon (purity 99.999 %, Kurt J. Lesker) and B4C (purity 99.5 %, Kurt J. Lesker) targets were used as sources of respective elements. All targets were focused onto a substrate holder in a sputter-down configuration. The substrate holder was located 18 cm below the targets and its rotation was set to 5 rpm to ensure good homogeneity of the deposited coatings.
The base and argon working pressure in the deposition chamber were ~10 -5 Pa and 0.2 Pa, respectively. Prior to deposition, the substrates were first heated up to 500 °C for 120 min to stabilize the temperature and then sputter-cleaned by a radiofrequency (13.56 argon as well as their energy [16] . The deposition time was set to 7 hours. The substrates were left on floating potential during the deposition. Specific powers supplied to targets were varied between the experiments to synthesize coatings with different compositions (see Table 1 ).
Chemical composition and structural characterizations
Rutherford back-scattering spectroscopy (RBS) was used for quantification of the chemical (film to film) and glueing into the window of a Ti grid. This was followed by mechanical thinning, polishing, and dimpling to a thickness of ca. 20 μm in the middle. Thinning to electron transparency was achieved by ion-beam milling using a Technoorg Linda ionmill with 10 keV Ar + ions at an incidence angle of 4° with respect to the surface. In the final period of the milling process, the ion energy was decreased gradually to 250 eV to minimize surface amorphization.
The microstructure of the films was investigated in a JEOL JM3010 transmission electron microscope operated at an acceleration voltage of 300 kV with a 0.17 nm point resolution.
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T 7
Mechanical measurements
The mechanical properties were characterized by the means of nanoindentation experiments using a Hysitron dual head TI950 Triboindenter equipped with a Berkovich tip (tip radius < 50 nm). The mounted nanoscale measuring head with a resolution of 1 nN and load noise floor lower than 30 nN allows to measure in the load range from 50 µN to 11 mN. Classic quasistatic test and quasistatic test with 20 partially unloaded segments were used for the measurements.
The quasistatic indentation tests were carried out in load controlled regime using constant loading rate of 0.2 mN/s. To ensure good contact to the surface a small pre-load of 2 µN was used in case of all tests. The standard procedure proposed by Oliver and Pharr [18] 
Results and discussion
Compositional and structural characterization
Deposition rate and composition
The deposition conditions, the deposition rate and the chemical composition of the deposited W-B-C coatings are listed in Table 1 . The deposition rate was found to vary from 5.5 to
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A C C E P T E D M A N U S C R I P T 8 2.9 nm.min -1 depending on the power applied to the different targets. Higher total power supplied to targets led to higher deposition rate.
Oxygen and argon contamination was < 3 at.% for all the coatings and was neglected in further chemical composition quantification. All of the presented coatings were deposited to exhibit approximately the same boron content of ~ 30 at.%, while their W and C contents were varied.
The C/W ratio was used as the independent variable to study the structure and mechanical
properties of the W-B-C coatings. Fig. 1 (a-c) shows the evolution of the W4f, B1s and C1s XPS high resolution spectra in the W-B-C coatings with various C/W ratios. The W4f high resolution scan ( Fig. 1(a) ) exhibits a double-peak structure due to the spin-orbit splitting of the W4f7/2 and W4f5/2 states (~2.18 eV).
Bonding structure
Also, a broad feature at high binding energies was observed and attributed to W5p3/2 [19] . The should be very close to that of the W-W bond due to the electronegativity of W being between that of B and C.
As it is shown in Fig.1 , the increase of the C/W ratio caused a shift in W4f and B1s peaks toward higher binding energies, pointing towards the progressive formation of W-C bonds as well as an increase in the B-C bond content, respectively. Additionally, an increase in the intensity on the low-energy side of the C1s spectra was observed, suggesting an increase in the C-B and C-W bond content in the sample with higher C/W ratio. By considering all the spectra simultaneously, the relative contribution of different bonds in the coating was calculated using the following equations. The relative contribution of the bonds among identical elements was This confirmed the findings from XPS.
Microscopic evaluations
The The transition from the compact granular structure to the loose columnar structure with increasing C/W ratio can be explained in terms of energy delivered to the growing coating and the momentum transfer between the impinging particles and the growing coating [29] . The average kinetic energy of the sputtered W, B and C atoms and the backscattered Ar were calculated by SRIM [30] for the used deposition parameters. The output of SRIM simulation of the sputtered atoms was used as input for SIMTRA code [31] to simulate the particle transport from the target to the substrate at the pressure of 0.2 Pa and background gas temperature of 500°C. The relative average kinetic energy of each species arriving on the substrate was then multiplied by their relative content in the coating. This calculation provided a normalized energy delivered to the growing film by each species [32] . The Ar normalized energy was estimated by using the concentration of W in the coating, as only the W target is the source of backscattered Ar atoms. The normalized energy as the function of the C/W ratio is plotted in Fig. 5 . The normalized energy for the W and B atoms and the backscattered Ar atoms decrease, while that of the C atoms slightly increases with the C/W ratio increase.
However, the total incident energy taken as a sum of normalized energy for all species clearly decreased with increasing C/W ratio.
It has been also reported that structural modification in the sputter deposited coatings is also largely momentum driven [33] [34] [35] . Since the W atom is much heavier than B and C atoms, W atoms more effectively transfer their momentum, while the momentum transfer of the lighter B and C atoms is less effective due to their reflection from the surface of the growing coating.
Consequently, momentum transfer was also reduced with increasing C/W ratio. Therefore, a decrease in the energy and momentum of the impinging species also decreased the mobility and diffusivity of the adatoms, leading to a formation of the columnar structure due to effects
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12 such as shadowing and reduced densification of the growing coating by bombarding particles [36, 37] .
Microstructural characterization
XRD patterns of the deposited W-B-C coatings with various C/W ratios are plotted in Fig. 6 .
Only a very broad diffraction peak between 30° and 50° and a second broader peak around 70°
were observed for all coatings suggesting only a short range ordering or a presence of tiny grains in the coatings [38] . As is shown in the upper part of Fig. 6 , the observed features in XRD patterns can be attributed to different boride, carbide and borocarbide (WBxCy) phases, which can coexist in the deposited coatings [39] . Unambiguous identification of the present phases in the W-B-C system is not possible as several nanocrystalline phases may coexist together with a quasi-amorphous matrix providing an additional peak broadening. Fig. 7(a) shows the HRTEM image of the coating with the lowest C/W ratio of 0.11. No long-range order crystallinity was detected, however, the film also exhibits certain short range ordering that is manifested in irregular curved lattice fringes with short extension in HR images. The selected area electron diffraction (SAED) pattern shown in the inset, in agreement with XRD results, exhibits two diffused halo rings with no detectable diffraction spots, which are the characteristics of amorphous structures without long range order crystallinity.
The increase of the C/W ratio from 0.11 to 0.48 and 0.61 was followed by a growth of some crystalline clusters inside the near-amorphous matrix. These clusters of 1 -2 nm in size with lattice fringe contrast are clearly visible in the HRTEM images shown in Fig. 7(b) and (c). In the diffraction patterns sharper, textured segments at 2.41Å are observable within the diffuse ring. The textured segments indicate lattice planes parallel with the substrate surface.
Further increase of C/W to 0.78 caused an increase of the FWHM of the XRD maxima (Fig. 6) together with an increase in the width of the halo rings in the SAED pattern (inset in Fig. 7(d) ).
Amorphous structure can be detected in the corresponding HRTEM image with similar short-
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13 range ordering like in the sample with C/W ratio of 0.11 with irregular curved lattice fringes of short extension. These observations indicate an increase in the structural disordering [40] and a transition to a near-amorphous structure.
The nanocrystalline phase was detected only for the samples with C/W ratio 0.48 and 0.61 when the chemical composition was close to the W2BC stoichiometry. Thus one can speculate on the existence of small crystallites of the W2BC phase in these two coatings, however unambiguous identification of the crystalline phase is not possible either from XRD or from SAED patterns.
Lower magnification cross sectional TEM images can also provide some information about the film growth and larger structural defects of the deposited coatings. Fig. 7 (e)-(h) depict a typical bright field cross section of deposited W-B-C films with various C/W ratios. The coating with the lowest C/W ratio exhibited a featureless, compact and defect free structure, while a progressive development of columnar structure has taken place as the C/W ratio increased. This correlates with the SEM cross-section observations and was again related to lowering of the energy delivered to the growing coating. 
Mechanical properties
Nanoindentation measurements
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14 other hand, the decrease of the H and E * of the deposited coating with increasing C/W ratio can also be attributed to microstructure transition from a compact and defect-free granular structure to a rough columnar structure caused by decreasing energy and momentum flux delivered to the growing coating.
The calculation of the elastic recovery (We) and elastic strain to failure (H/E * ) parameters is listed in Table 2 , the We and H/E * are calculated to be ~0.5 and ~0.06, respectively, for all the deposited coatings. These values are comparable to those reported for other X-B-C systems [8, 10, 14] .
Indentation induced cracking evaluations
The deposited coatings together with two commercially produced state-of-the-art protective coatings were subjected to a high-load indentation tests (0.5 -1 N) and the obtained residual impressions were studied by SEM (Fig. 9 ) to estimate the fracture resistance of the coatings.
The ratio of maximum indentation depth to the coating thickness was kept constant at ~ 0. cracking, the W-B-C coatings exhibited little or none cracking. Thus, the H/E* ratio cannot be unreservedly used for universal prediction of the fracture resistance.
Micro-scratch measurements
Micro-scratch measurements by a Rockwell diamond indenter were employed to assess the adhesion strength and fracture resistance of the deposited W-B-C coatings. in Fig. 10(b) as an example. It exhibits no evidence of any cohesive/adhesive failures, which is in accordance with the evolution of the frictional force curve. It indicates that the coating has undergone only elasto-plastic deformation without cracking during the scratch test [44] . An enlarged view of the highest load scratch region in Fig. 10(c) revealed that the absence of any visible significant failures such as chipping, spallation, delamination etc. in the scratch track indicated high adhesion of the coating to the substrate and confirmed also high fracture resistance [45] . In some cases, only small cracks categorized as ductile tensile cracks extended outside the scratch track. These cracks were formed due to the buckling of a film in response to a tensile stress emerging behind the moving indenter [46] . A Samples on cemented carbide substrates were used for these measurements.
Conclusions
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